Abstract. The distributions of carbonate system parameters in Hudson Bay, which not only receives nearly one third of Canada's river discharge, but which is also subject to annual cycles of sea-ice formation and melt, indicate that the timing and magnitude of freshwater inputs play an important role in carbon biogeochemistry and acidification in this unique Arctic ecosystem. This study uses basin-wide measurements of dissolved inorganic carbon (DIC) and total alkalinity (TA), as well as stable isotope 15 tracers (δ 18 O and δ 13 C DIC ), to provide a detailed assessment of carbon cycling processes within the bay. Surface distributions of carbonate parameters reveal the particular importance of freshwater inputs in the southern portion of the bay. Based on TA, we surmise that the deep waters in the Hudson Bay are largely of Pacific origin. Riverine TA end-members vary significantly both regionally and with small changes in near-surface depths, highlighting the importance of careful surface water sampling in highly stratified waters. In an along-shore transect, large increases in subsurface DIC are accompanied by equivalent decreases in 20 δ 13 C DIC with no discernable change in TA, indicating a respiratory DIC production on the order of 100 µmol kg -1 during deep water circulation around the bay.
Introduction
The Arctic Ocean is particularly vulnerable to "Ocean Acidification" (defined as the combined results of decreasing pH and 25 increasing calcium carbonate solubility), because of a combination of high CO 2 solubility and low buffer capacity in cold waters, naturally high CO 2 concentrations in inflowing Pacific water, and dilution from sea-ice melt and river waters (AMAP, 2013) . carbon (DIC) and consumes total alkalinity (TA), which decreases the Ω Ca and Ω Ar in deep waters. In addition to the organic matter generated in the euphotic zone by primary producers, local riverine inputs of organic matter are injected into deep waters during sea-ice formation (Mundy et al., 2010; Granskog et al., 2011) . Furthermore, at the mouth of Hudson Bay shallow sills restrict the exchange of deep water between Hudson Bay and the relatively well-ventilated waters from the adjacent Hudson Strait or Foxe Strait (Granskog et al., 2011) . Given these characteristics, Hudson Bay may be particularly vulnerable to ocean 5 acidification. In support of this, Azetsu-Scott et al. (2014) recently provided the first basin-wide overview of the Hudson Bay carbonate system in fall 2005, reporting that surface waters in south-eastern Hudson Bay, where freshwater inputs are highest, were undersaturated with respect to aragonite (Ω Ar < 1), as were up to two-thirds of Hudson Bay bottom waters.
With air temperatures rising, sea-ice coverage declining, and increasing river diversion for hydroelectricity generation, conditions in the Arctic, and Hudson Bay in particular, are changing much more rapidly than in much of the world's oceans. The 
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Hudson Bay system is one of the richest eco-regions for marine mammals in the world and is critical for both resident and migratory species (Wilkinson et al., 2009) . Regime shifts in this ecosystem could therefore result in cascading effects impacting multiple organisms and coastal communities. The 2005 fall survey by Azetsu-Scott et al. (2014) provided an initial baseline for understanding of the state of the CO 2 system in Hudson Bay, yet significant uncertainties remain regarding the biogeochemical processes responsible for the observed state of the marine carbonate system and how the system and its controlling processes 15 have changed, or may continue to change, over time.
Here, we present recent (July 2010) seawater measurements of the marine carbonate system along with stable isotope ratios of oxygen in seawater (δ 18 O) and carbon (δ 13 C DIC ) across Hudson Bay. Surface distributions highlight the impact of different freshwater inputs on the carbonate system. Relationships of DIC and TA with salinity in deep waters provide insight into the origin of waters to Hudson Bay, while similar relationships in shallow water describe key sources and sinks of carbon. We also 20 evaluate the evolution of water mass properties during transit around Hudson Bay and the importance of precise sampling techniques when working in highly stratified waters.
The Hudson Bay System
The Hudson Bay system, which includes James Bay to the south, and both Foxe and Hudson Straits to the north, is shown in Figure 1 . Hudson Bay, itself, is the largest inland sea in North America (Martini, 1986) , covering an area of 841,000 km 2 (Kuzyk 25 et al., 2009 ). Hudson Bay is relatively shallow, with an average depth of 125 m and a maximum depth of 250 m, while areas of Foxe Strait and Hudson Strait reach depths of 400 m (Prinsenberg, 1987; Saucier et al., 2004) . Water enters the Hudson Bay system from the Canadian Archipelago via Fury and Hecla Strait and Foxe Basin (predominantly waters of Pacific origin), and from the Labrador Sea (and ultimately, the North Atlantic) via Hudson Strait (Ingram and Prinsenberg, 1998 deep but is considered an important source of water to the northwest corner of the bay (Prinsenberg, 1986) . Biogeosciences Discuss., doi:10.5194/bg-2016 Discuss., doi:10.5194/bg- -197, 2016 (Martini, 1986; Prinsenberg, 1986) . During transit, coastal surface waters are substantially modified by river inputs, which total approximately 760 km 3 yr -1 (Déry et al., 2011) . The vast majority of this input enters via James Bay (47 % of the total) and from rivers along the southern coast (from the Churchill to the Great Whale, see Figure 1 ) that drain directly into
Hudson Bay (32 % of the total input). The peak river input (~2 km 3 day -1 ) occurs in May, while the minimum (~1 km 3 day -1 ) 5 occurs in March (Déry et al., 2011) . Freshwater is also added to surface waters via sea-ice melt (SIM). Hudson Bay is completely ice covered for 8-9 months of the year and becomes completely ice free in the summer. Sea-ice can reach a maximum thickness of about 1 m in James Bay, 1.5 m in Hudson Bay, and 2 m in Foxe Basin (Martini, 1986) . In Hudson Bay, peak inputs from SIM are from June to mid-July, and during this time SIM usually provides more freshwater to surface waters than river runoff (Prinsenberg, 1988; Granskog et al., 2011) . The pulse of melt water also creates strong vertical stratification, which suppresses 10 mixing of heat and nutrients into the surface waters (Prinsenberg, 1988; Else et al., 2008) . Ice formation is also responsible for brine formation due to salt rejection (Saucier et al., 2004 , Granskog et al., 2011 .
Methods
We collected samples at 55 stations, including 16 rivers, across the Hudson Bay system from July 7 th to 30 th , 2010, during leg 1a of the 2010 ArcticNet Cruise aboard the CCGS Amundsen (Figure 1 ). Water samples for salinity, DIC, TA, and stable isotopes 15 of both oxygen in seawater (δ 18 O) and carbon (δ 13 C DIC ) were collected at various depths using 12-L Niskin bottles mounted on a 24-bottle rosette fit with a SeaBird SBE911 Conductivity-Temperature-Depth (CTD) profiler. A small subset of samples collected in the Nelson River estuary, as well as river samples, were taken using either a single 3-L Niskin bottle hand-lowered to 1 m depth (for DIC, TA, and associated salinities), or using a bucket hand-lowered to less than 1 m depth (for δ 18 O, δ 13 C DIC , and associated salinities).
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Samples for DIC and TA analysis were sampled directly from the Niskin bottles into borosilicate glass bottles: 250 mL or 500 mL bottles with ground-glass stoppers and elastic closures or 250 mL screw-cap bottles. All DIC and TA samples were poisoned with 100 µl of a saturated HgCl 2 solution to halt biological activity and were stored in the dark at either room temperature or at 4 o C until being processed ashore. The DIC and TA analyses were conducted at both Dalhousie University in Halifax, Nova Scotia, and the Institute of Ocean Sciences (IOS) in Sidney, British Columbia. Both labs analyzed samples for 25 DIC coulometrically followed by TA analysis from the same bottle using potentiometric titrations. At Dalhousie, both DIC and TA were analyzed using a VINDTA 3C (Versatile Instrument for the Determination of Titration Alkalinity, Marianda), whereas IOS analyzed DIC using a SOMMA (Single-Operator Multiparameter Metabolic Analyzer) and TA with a custom-built titration system. The analytical methods followed the recommendations of Dickson et al. (2007 for TA. An equivalent precision computation could not be done for samples analyzed at Dalhousie due to a lack of duplicate samples, but historically, precision of the Dalhousie VINDTA system has been consistently better than 3 µmol kg -1 (e.g. Shadwick et al., 2011) . We computed the aragonite saturation state (Ω Ar ) from the DIC and TA data using the CO2sys program of Lewis and Wallace (1998) , with the equilibrium constants of Mehrbach et al. (1973) refit by Dickson and Millero 35 (1987) .
Biogeosciences Discuss., doi:10.5194/bg-2016 Discuss., doi:10.5194/bg- -197, 2016 The fractions of sea-ice melt water (f_SIM) and meteoric water (f_MW) are calculated using bottle salinities and δ 18 O in a three 30
end-member mixing model. The methods, equations, and end-member values (for seawater, sea-ice melt water, and meteoric water) used in the model are identical to those described by Granskog et al. (2011) .
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Results and Discussions

Surface Distributions
Surface distributions (1.04), among the "seawater" samples from our entire study. respectively. Yet it remains unclear whether Hudson Bay is composed primarily of Pacific or Atlantic waters. Jones et al. (2003) surmised that Pacific waters were more prevalent in Hudson Bay but were unable to provide conclusive evidence, due to limitations of the quantity and quality of their data. In regions like Hudson Bay, with multiple seawater and freshwater end-10 members, mass-balance calculations for unravelling freshwater components are particularly complicated, and in contrast to systems such as the coastal Beaufort Sea, where three rather distinct end-members (the Mackenzie River, sea-ice melt, and a primarily Pacific polar mixed layer) can be defined by two tracers (Macdonald et al., 1995) , such an analysis in Hudson Bay requires additional tracers.
When examining the relationship between TA and salinity throughout the HBS (Figure 3a suggesting an additional source of both TA and salinity. One plausible source of excess TA and salinity in deep waters is from brine rejection. It is known that deep-water formation occurs in Foxe Basin polynyas, and this water can flow into Foxe Strait and potentially further into Hudson Bay (Defossez et al., 2010) . However, there is evidence in Hudson Bay that deep waters can also form locally due to brine rejection (Granskog et al., 2011) . The same general patterns are shown in a plot of deep water DIC 25 against salinity (Figure 3b ), except that distinctly higher DIC is observed in Hudson Bay compared to Foxe Strait due to the build-up of respiratory DIC in Hudson Bay, which is discussed in greater detail below.
Freshwater inputs
Prior studies have revealed the importance of watershed geology in governing the highly variable compositions of Hudson Bay rivers (Mundy et al., 2010; Granskog et al., 2011; Azetsu-Scott et al., 2014 , see also Thomas and Schneider, 1999 ), yet relatively (Table 1 , see also Granskog et al., 2011) . Nevertheless, the TA end-member calculated here is substantially higher than the prior estimate for the Nelson River (1022 µmol kg -1 , Azetsu-Scott et 25 al., 2014), and we think this discrepancy is due to sampling depth within this highly-stratified system, as well as to the fact that our samples extended further up the estuary, into fresher waters. the former being considered 'surface' samples. In contrast, samples collected from the surface in the inner NRE using the small barge yield an end-member of 1870 µmol kg -1 . Given the close proximity of these inner NRE stations to others in southwestern
Hudson Bay, the discrepancy in end-members indicates that surface samples collected via the rosette capture a different water mass compared to samples captured via the small barge. This is illustrated further using a cross-section of salinity in the NRE ( Figure 5 ).
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Salinity across the NRE, as measured in-situ by the CTD attached to the rosette system, and as measured from discrete surface bottle samples collected either from the barge or using a bucket dropped from the bow, is shown in Figure 5 . suggesting that data from the surface Niskin bottle at these stations may also not fully reflect the true "surface water" properties.
Coastal Transect:
Hudson Bay waters undergo significant compositional changes during their cyclonic transit around the basin (Granskog et al., 2009; Mundy et al., 2010) . Here, we focus specifically on changes in the carbonate system along a coastal transect that follows the general counter-clockwise circulation pattern from Northwest Hudson Bay to the Northeast (Figure 6 , transect A-B). For 25 stations within this transect, TA, DIC and δ 13 C DIC are plotted against in-situ density anomaly (σ t , observed density -1000 kg m -3 )
to illustrate deviations at constant density levels (Figures 6a-c) . For TA (Figure 6a) , there is little variability between stations along the transect and the vast majority of the data fall along the river mixing line. There are, however, two notable exceptions:
the first being high-TA deviations at stations within the NRE that we attribute to benthic carbonate addition, and the second being low-TA deviations in samples with high sea-ice melt fractions (f_SIM ≥ 0.05), all of which are measured at or near the 30 surface along the southern coast.
For along-transect DIC (Figure 6b ), the impacts of both freshwater input and biological activity are apparent. Similar to TA, positive deviations from a general river mixing line are observed in the NRE, as are negative deviations along the southern coast, but a distinct increase in DIC is also visible along the transect due to a build-up of respiratory DIC in subsurface waters. The maximum offset between waters along the west coast (blue-purple points) and the east coast (red-yellow points) is between the 35 24 and 26 kg m -3 σ t horizons, indicating that organic matter respiration rates are highest at these density levels. The structure of Biogeosciences Discuss., doi :10.5194/bg-2016-197, 2016 Manuscript under review for journal Biogeosciences Published: 18 May 2016 c Author(s) 2016. CC-BY 3.0 License.
these density horizons along the coastal transect are shown in Figure 6d . The lack of any visible offset in bottom water TA suggests that any products of anaerobic respiration that may be produced in sediments are not transported into the water column.
Unlike TA and DIC, freshwater input appears to play a relatively minor role in governing variability in the stable carbon isotope signature of DIC (δ 13 C DIC ) of Hudson Bay waters (Figure 6c ). This may be due to the fact that Hudson Bay rivers are very isotopically enriched (average δ 13 C DIC = -3.2 ‰, Table 1 ) compared to other coastal regions (North Sea δ 13 C DIC = -12 to -16 ‰;
5 Burt et al., 2016) , and thus are much closer to typical seawater values (~0-2 ‰). Biogenic soils are highly depleted in δ 13 C DIC (~ -25 ‰), while carbonate bedrock has a δ 13 C DIC near 0 ‰ (Spiker, 1980) . Given that the majority of Hudson Bay rivers have rather low DOC (Mundy et al., 2010) and that much of the bedrock surrounding the bay is carbonate-rich (Ross et al., 2011) , it is unsurprising that Hudson Bay rivers are isotopically enriched compared to other regions. However, δ 13 C DIC was not sampled along the southern coast, thus the Churchill, Nelson, and Hayes Rivers, which are likely more depleted in δ 13 C DIC , are not 10 included in Table 1 both observed DIC increases shown in Figure 6b , and increases based on differences in δ 13 C DIC (shown in Figure 6c ) equate to ~70 µmol kg -1 .
The effects of biological activity, sea-ice melt, and variable riverine input on the carbonate system of Hudson Bay are well summarized in the coastal transect of aragonite saturation state (Ω Ar ) shown in Figure 6e . In surface waters, Ω Ar is high in the Northwest but decreases along the southern coast due to the dilution of both TA and DIC by freshwater input. In the NRE, Ω Ar 25 remains high despite low salinities (see Figure 2a ) because carbonate addition from the seafloor adds TA and DIC in a ratio of 2:1, thereby counteracting the dilution effect of river input (Figure 4 ). Surface waters near James Bay show minima in Ω Ar , likely due to the strong sea-ice melt signal in these waters, as well as large inflows of low-alkalinity river waters (see Figure 2) . Along the eastern shore, surface water Ω Ar is comparable to (i.e., only slightly lower than) values along the west coast. This is likely due to the fact that the sea-ice melt waters, which dilute TA and DIC to a much greater degree than river input, have yet to be 30 transported to these stations. In September 2005, surface water Ω Ar along the southern coast was higher than observed here, while further downstream along the eastern coast, Ω Ar was lower than observed here (Azetsu-Scott et al., 2014) . This may simply reflect the transport of low-Ω Ar sea-ice melt waters from the southern coast in July to the eastern shore by September. In accordance with this, Granskog et al. (2009) noted that in October 2005, virtually no sea-ice melt was observed along the southern shore, further suggesting that these waters had been transported northeast by the coastal current.
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Conclusions:
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